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a b s t r a c t
In this study, we examined the mechanisms and kinetic proﬁles of intracellular nitrosative processes
using diaminoﬂuorescein (DAF-2) as a target in RAW 264.7 cells. The intracellular formation of the
ﬂuorescent, nitrosated product diaminoﬂuorescein triazol (DAFT) from both endogenous and exogenous
nitric oxide (NOd) was prevented by deoxygenation and by cell membrane-permeable superoxide (O2d)
scavengers but not by extracellular bovine Cu,Zn-SOD. In addition, the DAFT formation rate decreased in
the presence of cell membrane-permeable Mn porphyrins that are known to scavenge peroxynitrite
(ONOO) but was enhanced by HCO3/CO2. Together, these results indicate that nitrosative processes in
RAW 264.7 cells depend on endogenous intracellular O2d and are stimulated by ONOO/CO2-derived
radical oxidants. The N2O3 scavenger sodium azide (NaN3) only partially attenuated the DAFT formation
rate and only with high NOd (4120 nM), suggesting that DAFT formation occurs by nitrosation (azide-
susceptible DAFT formation) and predominantly by oxidative nitrosylation (azide-resistant DAFT
formation). Interestingly, the DAFT formation rate increased linearly with NOd concentrations of up to
120–140 nM but thereafter underwent a sharp transition and became insensitive to NOd. This behavior
indicates the sudden exhaustion of an endogenous cell substrate that reacts rapidly with NOd and
induces nitrosative processes, consistent with the involvement of intracellular O2
d . On the other hand,
intracellular DAFT formation stimulated by a ﬁxed ﬂux of xanthine oxidase-derived extracellular O2d
that also occurs by nitrosation and oxidative nitrosylation increased, peaked, and then decreased with
increasing NOd, as previously observed. Thus, our ﬁndings complementarily show that intra- and
extracellular O2
d-dependent nitrosative processes occurring by the same chemical mechanisms do not
necessarily depend on NOd concentration and exhibit different unusual kinetic proﬁles with NOd
dynamics, depending on the biological compartment in which NOd and O2d interact.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Most pathophysiological processes that involve nitric oxide
(NOd) and superoxide (O2d) may depend on their radical recom-
bination reaction (Eq. (1)). This reaction is very rapid (k ¼
1.91010 M1 s1) [1] and produces peroxynitrite (ONOOH/
ONOO), a two-electron oxidant that either reacts directly with
several cellular substrates (peroxiredoxins, metals) [2–4] or reacts
with CO2 (Eq. (2)) to generate some of the strongest biologically
relevant oxidant radicals (CO3d , NO2d, HOd) [2,3,5,6]. These radical
species have different chemical and physical properties [6,7]; their
formation dramatically increases the number of potential biologi-
cal targets and the diversity of biological processes that NOd and
O2d may indirectly affect. The simultaneous production of NOd
and O2d is known to cause oxidation and to lead to the formation
of NOd products (S/N-nitroso- and nitro-proteins). However, the
interplay of NOd and O2d in biological environments is highly
complex and poorly understood. Espey et al. and others [8–11]
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ichia coli 0111:B4 lipopolysaccharide; MnTE-2-PyP, Mn(III) meso-tetrakis(N-ethyl-
pyridinium-2-yl) porphyrin (MnTE-2-PyP); MnTbap, manganese (III) tetrakis(4-
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studied nitrosative processes that occur on NOd and O2d cogen-
eration using diaminoﬂuorescein (DAF) as a probe. They observed
a peculiar phenomenon: at a ﬁxed extracellular O2d ﬂux, the
formation of the nitrosated, ﬂuorescent product DAF triazol (DAFT)
enhances with increasing NOd, peaks when the O2d and NOd
ﬂuxes are nearly equivalent, and then decreases steadily as the
NOd overcomes the O2d ﬂux. From a chemical perspective, this
characteristic bell-shaped pattern indicates that DAF compounds
do not react directly with peroxynitrite [9,12]. The process
involves ONOO-derived radicals and has been shown to occur
via two different nitrosative mechanisms, oxidative nitrosylation
(represented by Eqs. (3) and (4)) and nitrosation (represented by
Eqs. (5) and (6)), where R represents a general target. We refer to
oxidative nitrosylation and nitrosation processes by the general
term “DAFT formation” throughout the text for clarity. The con-
clusion that both processes operate together in cells was primarily
based on the results of DAFT formation in the presence of azide
anions (N3), which selectively scavenge N2O3 and prevents
nitrosation (Eqs. (5) and (6)). Thus, azide-susceptible DAFT forma-
tion was attributed to nitrosation, while azide-resistant DAFT
formation was attributed to oxidative nitrosylation, the latter of
which is dominant. Similarly, a cell-free study by Daiber et al. [13]
using diaminonaphthalene (DAN) as a target showed that O2d-
dependent nitrosative processes decrease when NOd grows in
excess with respect to O2d , although the optimal stoichiometry
(NOd/O2d of 3/1) was different than that observed by Espey et al.
[9]. Daiber et al. [13] also reported that O2d-dependent DAN nitros
(yl)ation is sensitive to speciﬁc superoxide scavengers, uric acid
and azide, and is enhanced by CO2. Therefore, we employed a
similar strategy to investigate whether intracellular DAFT forma-
tion is dependent on O2d in cells.
Interestingly, Espey et al. [9] and Daiber et al. [13] also found
that nitrosative processes decrease with increasing O2d excess
over NOd. This result is consistent with NOd depletion by the rapid
reaction with excess O2d (Eq. (1)), which progressively leaves less
NOd necessary for reactions (4) and (5) to occur, thus decreasing
DAFT formation.
Biologically, the bell-shaped pattern indicates that O2d-depen-
dent nitrosative processes possess an optimal O2d and NOd ratio, a
condition that may be temporarily satisﬁed in events of constant
O2d production and increasing NOd biosynthesis or vice versa.
Dependent on the O2d source, this phenomenon may be localized
or magniﬁed in different biological compartments [9], such as the
extracellular space, mitochondria, cytoplasma, or phagosomes.
NOd þ O2d - ONOO (1)
ONOO þ CO2- ONOOCO2 - 1/3 (NO2d þ CO3d) þ 2/3
(CO2 þ NO3) (2)
R þ NO2d (or CO3d)- Rd þ NO2 (or CO32) (3)
Rd þ NOd - RNO (4)
NOd þ NO2d- N2O3 (5)
R þ N2O3- RNO þ NO2 (6)
We adopted a strategy similar to that of Espey et al. [9], except
that we did not generate O2d enzymatically in the extracellular
space and, as a result, observed a distinct kinetic behavior. Under
our conditions, DAFT formation required endogenous intracellular
O2d and occurred through the same chemical mechanisms
referred to above. Nevertheless, the DAFT formation rate initially
increased linearly as a function of NOd and plateaued when the
NOd steady-state concentration reached 100–120 nM but did not
decrease at 4120 nM NOd. The only difference between the two
studies was the compartment of NOd and O2d recombination,
leading us to conclude that NOd- and O2d-dependent oxidative
and nitrosative processes may exhibit distinct patterns in cells. Our
ﬁndings also have implications regarding the analytical perfor-
mance of diaminoﬂuorescein-based compounds as NOd sensors.
Experimental procedures
Chemicals
All chemicals were purchased from Sigma-Aldrich unless other-
wise speciﬁed and were of the highest purity available. Mn(III)
meso-tetrakis(N-ethylpyridinium-2-yl) porphyrin (MnTE-2-PyP) was
a generous gift from Dr. Rebecca E. Oberley Deegan (Department of
Medicine, National Jewish Health, Denver, CO, USA); salicylaldehyde
isonicotinoyl hydrazone (SIH) was synthesized by Schiff base con-
densation between 2-hydroxybenzaldehyde and isonicotinic acid
hydrazide as previously described [14].
Preparation of oxyhemoglobin (HbO2)
A solution of 1–2 mM methemoglobin in PBS (pH 7.4) was
reduced with a large excess of sodium dithionide. The unreacted
reducing agent was removed by size-exclusion chromatography
using Sephadex G-25 columns, and the concentrated fractions
were collected, ﬂash-frozen in liquid nitrogen, and stored at
80 1C. The HbO2 concentration was determined by visible
spectroscopy at 580 nm (ε ¼ 15 mM1 cm1) using a Shimadzu
UV-1800 instrument.
Cell culture and treatment
RAW 264.7 cells (ATCC) were incubated and cultured at 37 1C in
Dulbecco’s modiﬁed Eagle’s high glucose medium supplemented
with 100 units/mL penicillin, 100 mg/mL streptomycin, and 10% fetal
bovine serum as described elsewhere [15]. For each experiment, the
cells were split, seeded onto T75 culture ﬂasks, and grown overnight
to reach 85–90% conﬂuence in the absence or presence of 1 mg/mL of
Escherichia coli 0111:B4 Lipopolysaccharide (LPS) or 5 mg/mL of Cu,
Zn–superoxide dismutase–polyethylene glycol from bovine erythro-
cytes (PEG-SOD) or 5 mM glutathione biosynthesis inhibitor, buthio-
nine sulfoximine (BSO). For ascorbate-loaded cell experiments, cells
were treated with 50 mM ascorbic acid for 3 h before harvesting. The
cells were washed twice with PBS/DTPA, harvested, and spun down
by centrifugation at 400g for 5 min at 4 1C. Finally, the cells were
suspended in 1 mL of the full medium and kept on ice until use. The
cell viability was found to be higher than 90% using the trypan blue
exclusion assay both at this point and after the experiments.
Fluorescence experiments
The ﬂuorescence experiments were carried out with a Shimadzu
RF-5301pc spectroﬂuorimeter using the probe 4,5-diaminoﬂuores-
cein diacetate (DAF-2 DA) [16–18] as described previously [9].
A suspension of RAW 264.7 cells in PBS/DTPA was loaded with
10 mM 4,5-diaminoﬂuorescein diacetate (DAF-2-DA) for 30 min at
37 1C under constant stirring. We always used a total of 1.2108 cells
in this procedure to minimize differences in the DAF-2-DA loading
process. In LPS-stimulated cells, a 10 mM HbO2 heme basis was
included in the DAF-2-DA loading process to scavenge NOd and
prevent premature DAFT formation. DAF-2-DA can permeate biolo-
gical membranes, but its ester bonds are cleaved by nonspeciﬁc
esterases, yielding the negatively charged and cell membrane-
impermeable DAF-2. This derivative accumulates inside cells at high
submillimolar concentrations [10]. Extracellular DAF-2-DA was rem-
oved by two cycles of centrifugation and resuspension in PBS/DTPA.
In addition, immediately before the experimental run, 6106 cells
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(unless otherwise indicated) were centrifuged again at 400g for
5 min at 4 1C, suspended in prewarmed working buffer (WB, PBS
supplemented with 100 mM DTPA and 100 U/mL bovine Cu,Zn–
superoxide dismutase), and placed in a ﬂuorimeter. This procedure
minimizes extracellular DAF-2. In one experiment, the working
buffer was deoxygenated by an Ar gas (White Martins) purging
procedure, and the assays were conducted with sealed vessels. All
experiments were performed within 2 h after the DAF-2 DA loading
process or halted when signiﬁcant variation occurred in the control
run using 10 mM NOd donor (z)-1-[N-[3–aminopropyl]-N-[4-(3-ami-
nopropylammonio)butyl]-amino]diazen-1-ium1,2-diolate (sper/NO).
In certain experiments, speciﬁc chemicals were added, such as Mn
(III) meso-tetrakis(N-ethylpyridinium-2-yl) porphyrin (MnTE-2-PyP),
manganese tetrakis-4-benzoic acid porphyrin (MnTbap), 2,3-
dimethoxy-1,4-naphthoquinone (DMNQ), sodium hexacyanoferrate
(II) (Na4[Fe(CN)6], FCN), sodium azide (NaN3), and xanthine oxidase
(XO) (Calbiochem) plus xanthine. For experiments in the presence of
CO2, 10 or 20 mM NaHCO3 was equilibrated with the working buffer
(ﬁnal pH 7.4). The temperature in all of the experimental runs was
controlled by a circulating water bath at 37 1C. The rate of DAFT
formationwas calculated by the slope of the ﬂuorescence data during
NOd steady-state conditions, which coincided with a period of linear
increase in ﬂuorescence, toward the end of the 10-min-long runs.
The rate of DAFT formation and NOd steady-state concentration were
essentially the same in open vessels or in closed vessels with no
headspace, showing that NOd escape by volatilization was negligible
compared to NOd cell consumption under our experimental condi-
tions. Triplicates of control experiments with 2 and 10 mM sper/NO
were conducted routinely in parallel with experiments under differ-
ent conditions or in the presence of different chemicals. Thus, the
mean and standard deviation vary within the experimental error in
the different experiments.
Fluorescence experiments with O2
d generators
We conducted ﬂuorescence experiments in the presence of the
O2d generators 2,3-dimethoxy-1,4-naphthoquinone (DMNQ) and
XO plus 100 mM xanthine. DMNQ (20 mM) was simply added to the
cell suspension immediately before each assay. For the XO experi-
ments, the rate of O2d production by XO in the presence 100 mM
xanthine was ﬁrst measured spectrophotometrically by the reduc-
tion of ferric cytochrome c [19]. Then, the amount of XO sufﬁcient
to produce O2d at a rate of 0.36 mM/min was added to a suspen-
sion of 2106 DAF-2-DA-loaded cells containing 100 mM xanthine,
and ﬂuorescence measurements with increasing sper/NO concen-
trations were performed as described above.
Total intracellular S-nitrosothiol quantiﬁcation
The total S-nitrosothiol level was determined for RAW 264.7
cells exposed to 10 mM sper/NO for 10 min under three different
conditions: control cells, ascorbate-, or BSO-preloaded cells. Total
intracellular S-nitrosothiol quantiﬁcation was performed by
triiodide-dependent ozone-based chemiluminescence as described
previously [15,20,21] and expressed as pmol/mg of protein. The
protein content was determined using the Bradford assay.
Amperometric experiments
Unless otherwise indicated, cells were added to reaction vials
to a ﬁnal density of 3106 cells/mL (2 mL total). Sper/NO (2.0 to
40.0 mM) was added at the concentration and time speciﬁed in the
ﬁgures. HbO2 (10 mM) was added at the end of the cell exposure to
remove any remaining NOd. The NOd and O2 concentrations during
the sper/NO treatment were monitored by selective electrodes
coupled to a potentiostat (WPI-LabTrax 24T). The temperature in
all experimental runs was controlled by a circulating water bath.
The NOd selective electrode was routinely calibrated by the
successive addition of at least four known concentrations of the
rapid NOd donor disodium 1-[(2-carboxylato)pyrrolidin-1-yl]dia-
zen-1-ium-1,2-diolate (proli/NO), which were previously deter-
mined using the oxyhemoglobin assay [22]. The O2 electrode was
calibrated by current measurements at 21% O2 and 0% O2 (in the
presence of excess sodium dithionite), assuming concentrations of
200 and 0 mM, respectively.
Results
Our primary goal was to study the chemical mechanisms of
nitrosative processes inside cells. We addressed the problem by
using classic kinetic strategies, i.e., we varied the concentrations of
the relevant species (NOd, O2d , and DAF-2) and determined their
inﬂuence on the rate of the nitrosative processes in cells. To this
end, and to the extent allowed by our cell suspension model, it
was important to select chemical reactants that enabled real-time
measurements and permitted controlled variations of their con-
centrations. As a nitros(yl)ation probe, we selected DAF-2-DA [17],
which provided several desirable properties for this study. DAF-2
does not react directly with NOd, the formation of DAFT is
irreversible and has been shown to depend on nitrosative chem-
istry [16]. In addition, DAF-2 conveniently accumulates intracellu-
larly at submillimolar concentrations [10] and allows sensitive and
real-time measurements [16]. As an NOd source, we chose the NOd
donor sper/NO, which releases NOd at a known slow rate constant
(half-life of 39 min at 37 1C and pH 7.4). This compound thus
provides a continuous release of NOd over a period of time,
allowing NOd to reach and maintain steady-state conditions
during the time scale of the experiments.
We also adopted criteria that minimize extracellular chemical
reactions that could interfere with measuring the kinetic parameters
of DAFT formation. To eliminate extracellular DAF-2-DA, we washed
the DAF-2-DA-loaded cells using centrifugation/resuspension cycles
immediately before each experiment. We also included extracellular
bovine Cu,Zn–superoxide dismutase (SOD) in all experiments
(unless otherwise stated) to remove any incidental extracellular
O2d and to prevent the formation of extracellular ONOO . The
exclusion of SOD had no effect on experiments, however, showing
that extracellular O2d formation was negligible under our condi-
tions. Finally, we minimized extracellular NOd autoxidation because
this reaction produces oxidants and nitrosating species (NO2d and
N2O3) [23,24]. Fortunately, NOd autoxidation is a slow overall third-
order reaction (second-order relative to NOd) [23,24], and because
cells consume NOd rapidly [25], it was sufﬁcient to perform the
experiments at a cell density that was capable of outcompeting
extracellular NOd autoxidation.
First, we established the number of cells that was sufﬁcient to
outcompete NOd autoxidation. Electrochemical experiments showed
that in cell-free buffer, the NOd concentration rose and reached a
steady-state concentration of approximately 500 nM on addition of
10 mM sper/NO (Fig. 1A). This phenomenon occurs because the rate
of autoxidation matches the rate of NOd release by the donor. The
presence of RAW 264.7 cells (2–5106 cells/mL) caused the NOd
steady-state concentration to decrease, consistent with rapid cellular
NOd consumption (Fig. 1A) [25–27]. Fig. 1A inset shows that the
most signiﬁcant effect of cells on the NOd steady-state concentration
occurred between 1 and 3106 cells/mL.
In parallel, we measured the kinetic parameters of DAFT forma-
tion by ﬂuorescence spectroscopy using freshly centrifuged DAF-2-
DA-loaded cells (Fig. 1B). The ﬂuorescence intensity did not increase
until the NOd donor sper/NO was introduced partway through the
run (designated by the arrow), showing that DAFT formation
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requires free NOd. The rate of DAFT formation increased with cell
density up to 3106 cells/mL, despite the decreasing NOd steady-
state concentration (Fig. 1A, inset), a behavior that may be explained
by an overall elevation in the DAF-2 concentration with an increas-
ing number of DAF-2-loaded cells. Because the rate of DAFT
formation seemed to stabilize with an increasing number of cells,
subsequent experiments were performed with 3106 cells/mL
(total of 6106 cells). This cell density was sufﬁcient to outcompete
NOd autoxidation, as will become clear throughout the text.
The rate of intracellular DAFT formation as a function of NOd
concentration.
After optimizing the experimental conditions, we studied the rate
of DAFT formation as a function of NOd concentration. Although the
NOd steady-state concentration increased with increasing NOd donor
concentration (Fig. 2A and Fig. 2B), the rate of DAFT formation
displayed a surprising proﬁle (Fig. 2C). It increased linearly with sper/
NO concentration ranging from 0.5 to 8–10 mM but leveled off above
this limit, becoming independent of the sper/NO concentration.
Therefore, the DAFT formation rate under steady-state conditions
underwent a transition from ﬁrst- to zero-order kinetics relative to
nitric oxide as the NOd concentration increased (Fig. 2D). In terms of
actual NOd concentration, estimated by a NOd selective electrode, the
transition occurred at approximately 120–140 nMNOd (Fig. 2B). DAF-
2 exhaustion does not account for the plateau phase. In fact, DAFT
continued to form for at least 30 min, even at the highest NOd donor
concentration tested (40 mM). This ﬁnding was telling and led to
important conclusions. First, the ﬁrst- to zero-order kinetics transi-
tion was sharp, indicating the participation of an exhaustible
endogenous cellular constituent that reacts rapidly with NOd and
leads to nitrosative chemistry. Superoxide was deﬁnitely a potential
candidate, as it has these characteristics [9,13]. Second, the plateau
phase indicated that the mechanism(s) of DAFT formation in cells has
a step that requires NOd but is rapid and not rate determining. These
characteristics are suggestive of the previously proposed mechan-
isms illustrated by Eqs. (3)–(6) [9,11,28]. Finally, the existence of the
zero-order phase relative to NOd revealed that NOd autoxidation was
irrelevant to intracellular DAFT formation under our experimental
conditions. Indeed, we and others [8,16] did not observe the plateau
phase of DAFT formation in cell-free experiments (data not shown),
which depend on NOd autoxidation [8].
Intracellular superoxide is necessary for DAFT formation
RAW 264.7 cells (3106 cells/mL) were actively respiring at an
average rate of 0.33 mM/min/1106 cells, as measured by an O2-
selective electrode (Fig. 3A), and no respiration inhibition by NOd
was observed under our experimental conditions and NOd donor
concentration used. We standardized the introduction of the NOd
donor to 5 min after cell resuspension to minimize differences in
oxygenation among samples. This measure was important for
minimizing the differences in cellular NOd consumption, which
has been shown to be oxygen concentration dependent [25,29,30].
Predeoxygenation of the working buffer fully prevented intracel-
lular DAFT formation, independent of the NOd donor concentra-
tion (Fig. 3B). Because the contribution of NOd autoxidation is
ruled out by the existence of the zero-order kinetic phase relative
to NOd (Fig. 2C and D), this result suggested the involvement of an
O2-derived species. To investigate the assumption that endogen-
ous O2d was that O2-derived species, we followed DAFT formation
by ﬂuorescence spectroscopy using PEG-SOD-loaded cells. O2d
could have been delivered by redox cycling compounds [21] or
certain enzymes [9,13]. We decided to use a speciﬁc O2d scaven-
ger at this point to allow testing for the involvement of endogen-
ous O2d without deliberately introducing it, which would
deﬁnitely affect the nitrosative processes. Total SOD activity in
PEG-SOD-loaded cells increased compared to the control cells, as
estimated from the cell extract’s capability to inhibit the XO/
xanthine-dependent reduction of ferric cytochrome c. In agree-
ment with the participation of endogenous intracellular O2d , DAFT
formation in these cells was signiﬁcantly reduced (Fig. 3C). Finally,
the exclusion of extracellular SOD did not affect the intracellular
DAFT formation rate in the control cells (not shown), suggesting
that intracellular O2d drives the process, as SOD and O2d are both
cell membrane-impermeable species.
Manganese porphyrins with reputed O2
d and ONOO scavenger
capabilities prevent DAFT formation
The manganese porphyrins MnTbap and MnTE-2-PyP are cell
membrane-permeable SOD mimics [31–33], but both compounds
may be actually more effective at scavenging ONOO [34]. The
speciﬁc second-order rate constants for the reaction of reduced
(Mn2þ) MnTbap and MnTE-2-PyP with ONOO are high, in the
range of 105 and 107 M1 s1, respectively [34,35], and the reaction
produces the nonnitrosating species nitrite anion and the respective
oxidized (Mn4þ¼O) Mn porphyrins [36]. We used these compounds
to further support the involvement of O2d and ONOO in cellular
nitrosative processes. Our rationale was that the Mn porphyrins
Fig. 1. Time course of nitric oxide and DAFT ﬂuorescence as a function of cell
density. (A) NOd concentration traces as a function of cell density. A suspension of
0–8106 RAW 264.7 cells/mL was kept in a water-jacketed container equipped
with NOd and O2- selective electrodes under constant stirring. For clarity, the NOd
traces for 6 and 8106 RAW 264.7 cells/mL were omitted. The NOd donor sper/NO
(10.0 mM) was added, as designated by the arrow, using a syringe; excess HbO2 was
added at the end of each run to remove NOd. The number of cells/mL is indicated in
the ﬁgure. The inset shows the NOd concentration immediately before the addition
of HbO2. (B) Fluorescence traces as a function of cell density. A suspension of
1–3106 RAW 264.7 cells/mL previously loaded with 10 mM DAF-2-DA was
suspended in prewarmed working buffer and placed in a spectroﬂuorimeter cell
under constant stirring. Data acquisition was initiated, and the NOd donor sper/NO
(8.0 mM) was added, as indicated by the arrow. Each trace is representative of at
least three experiments. Fluorescence acquisition parameter settings: λex ¼ 495 nm,
λem ¼ 520 nm (T ¼ 37 1C, 100 mM PBS/DTPA, 100 U/mL Cu,Zn-SOD, pH 7.4).
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would scavenge ONOO (and perhaps O2d) and prevent DAFT
formation. Accordingly, the intracellular DAFT formation rate
decreased in the presence of 30 mMMnTE-2-PyP (Fig. 4A) or MnTbap
(Fig. 4B). The effect of both Mn porphyrins was evident with 2 and
10 mM sper/NO, NOd donor concentrations that were selected to
represent the NOd ﬁrst- and zero-order kinetics, respectively. The
internal ﬁlter effect with r20 mMMnTbap or r30 mMMnTE-2-PyP
in the DAFT excitation and emission wavelength range is negligible.
It is important to note that MnTE-2-PyP (at 30 mM) and MnTbap (at
20 mM) did not affect the NOd steady-state concentration, as
measured by a NOd-selective electrode, attesting that neither Mn
compound consumes NOd (data not shown). A low but MnTbap-
resistant DAFT formation was observed when we used lower DAF-2-
DA loading concentrations (2–5 mM) and low NOd donor concentra-
tions. This observation seems to reﬂect a distinct minor DAFT
formation mechanism; this process is currently under investigation
at our laboratory.
CO2 stimulates DAFT formation
Peroxynitrite is one of the few known chemical species that
reacts rapidly with CO2 (k ¼ 3104 M1 s1) [5]. As such, the
introduction of HCO3/CO2 can be used to characterize the engage-
ment of O2d and ONOO in a number of events and has been shown
to compete for ONOO for other cellular targets [37–41]. The DAFT
formation rate in the presence of HCO3/CO2 increased at the two
NOd donor concentrations tested, 2 and 10 mM sper/NO (Fig. 5A). In
addition to support the involvement of O2d and ONOO , this result
suggests that the DAFT formation processes do not occur by a direct
reaction between the probe DAF-2 and the ONOO; in that case, CO2
would decrease rather than increase the DAFT formation rate by
competing with DAF-2 for ONOO . Instead, this result is more
consistent with CO2 competing with other potential cellular ONOO
targets such as peroxiredoxins, and increasing the yield of ONOO-
derived radicals (Eq. (2)), which, in turn, stimulate DAFT formation
through the radical mechanisms described in the introduction [9].
DAFT formation under different stress conditions
The fact that CO2 stimulates DAFT formation in RAW 264.7
cells, competing with other peroxynitrite cellular targets, suggests
that other antioxidants might also affect DAFT formation. There-
fore, we tested such a possibility in glutathione-depleted cells
(BSO-treated cells) and ascorbate-loaded cells. Reﬂecting on the
different stress conditions, compared to control, the DAFT forma-
tion rate increased in glutathione-depleted cells and decreased in
ascorbate-loaded cells at the two sper/NO concentrations tested,
2 and 10 mM (Fig. 5B). These results are consistent with the notion
that glutathione and ascorbate may compete for ONOO and/or its
derived radicals with cellular targets, in agreement with previous
results using different cell lines [8,10,42].
Intracellular DAFT formation with exogenous sources of intracellular
and extracellular superoxide
To manipulate the amount of O2d in the intracellular space,
we ﬁrst used DMNQ, a cell membrane-permeable redox cycling
compound that produces O2d and hydrogen peroxide (H2O2) [43].
Unlike other quinone-based redox cyclers, semiquinones produced
by DMNQ reduction apparently do not form adducts [44]. Therefore,
Fig. 2. Nitric oxide traces and kinetics of intracellular DAFT formation as a function of nitric oxide concentration. (A) NOd traces as a function of sper/NO concentration with
3106 RAW 264.7 cells/mL. Each trace is representative of three experiments. (B) NOd concentration as a function of sper/NO concentration immediately before introduction
of excess HbO2. (C) Fluorescence increase as a function of the time and sper/NO concentration. A suspension of freshly centrifuged DAF-2-DA-loaded RAW 264.7 cells at a
ﬁnal density of 3106 cells/mL was manipulated for ﬂuorimetric measurements as described in Fig. 1B. The NOd donor sper/NO was systematically added 5 min after the
centrifugation and resuspension of the cells at the concentration designated in the ﬁgure. Each trace is representative of at least three experiments. (D) Rate of DAFT
formation under steady-state conditions as a function of sper/NO concentration. The rate was calculated using the slope of the ﬂuorescence data within the period of steady-
state NOd (toward the end of the runs, A and B), which coincided with a linear increase in ﬂuorescence. The data represent the mean of at least three independent
experiments 7 SD. The ﬂuorescence acquisition parameter settings and experimental conditions were as described in Fig. 1B.
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DMNQ is thought to affect cells primarily through the production of
O2d and H2O2. In addition, the production of O2d is limited to the
intracellular space, as the process depends on cellular reducing
agents. In the presence of 20 mM DMNQ, the DAFT formation rate
increased linearly with NOd concentration up to 50 mM sper/NO,
showing no sign of NOd independence (Fig. 6). We did not increase
the NOd donor concentration further to avoid introducing additional
nitrosative pathways, such as NOd autoxidation. In the absence of
DMNQ, however, the DAFT formation rate was clearly on the zero-
order phase with NOd (Fig. 6).
The kinetic behavior of DAFT formation as a function of NOd
concentration observed here was distinct from the characteristic
bell-shaped pattern observed previously when O2d was generated
enzymatically in the extracellular space [9]. We reproduced these
experiments with a ﬁxed extracellular O2d ﬂux of 0.36 mM/min
(generated by XO/xanthine in the absence of 100 U/mL of SOD)
with increasing NOd ﬂux (0.07 to 0.84 mM/min) (data not shown)
and observed the same characteristic bell-shaped pattern [9].
Effects of extracellular scavengers of oxidants and nitrosating species
Next, we investigated the effects of extracellular reactive
species scavengers on the DAFT formation rate with a twofold
objective: (i) to obtain further mechanistic information on DAFT
formation in cells and (ii) to examine which NOd/O2d-derived
oxidants (peroxynitrite and the peroxynitrite-derived free radicals
CO3d , OHd, and NO2d) account for DAFT formation. Interestingly,
1 mM sodium hexacyanoferrate (II) (FCN) fully inhibited intracel-
lular DAFT formation (Fig. 7) regardless of the sper/NO concentra-
tion. FCN is a extracellular oxidant scavenger [21,45], indicating
the critical participation of a peroxynitrite-derived cell membrane-
permeable species in the process. Among all of these oxidant
species, only peroxynitrous acid (ONOOH) and nitrogen dioxide
(NO2d) [46,47] are likely to freely cross biological lipid bilayers.
However, the NO2d permeability coefﬁcient was estimated to be
4000-fold higher than the permeability coefﬁcient of ONOOH
[46,47]. In addition, only NO2d reacts directly with FCN at a
signiﬁcantly competitive rate constant (k ¼ 3106 M1 s1)
[45]; the direct reaction of FCN and ONOO is very slow (k ¼
5.1 M1 s1) [45]. Together, this result and these characteristics
suggest a protagonist role for NO2d in DAFT formation processes in
cells. The recombination of NO2d and NOd inside cells is unlikely
due to numerous potential NO2d targets other than NOd, but the
indication that intracellularly formed NO2d may emerge from cells
led us to consider that these radicals could react in the extra-
cellular space to form N2O3 (reaction (5)), a well-known nitrosat-
ing species. Accordingly, extracellular 1 mM azide anion (N3),
which is supposedly a speciﬁc scavenger of N2O3 [9], prevents
Fig. 3. Intracellular DAFT formation depends on endogenous intracellular super-
oxide. (A) Oxygen consumption by 3106 RAW 264.7 cells/mL with 15 mM sper/
NO. (B) Predeoxygenation of the working buffer prevents DAFT formation in RAW
264.7 cells. (C) PEG-SOD pretreatment attenuates intracellular DAFT formation in
RAW 264.7 cells. Each trace is representative of at least three experiments. Cell
treatments, experimental conditions, and ﬂuorescence acquisition parameter set-
tings were as described in Fig. 1B.
Fig. 4. Intracellular superoxide and/or peroxynitrite scavengers decrease intracel-
lular DAFT formation rate. (A) The rate of DAFT formation under steady-state
conditions in the presence of the superoxide/peroxynitrite scavenger MnTE-2-PyP
and (B) in the presence of increasing concentrations of superoxide/peroxynitrite
scavenger, MnTbap. The effects of MnTE-2-PyP and MnTbap were evaluated at
2 and 10 mM sper/NO, representing the NOd ﬁrst-order and zero-order kinetic
phases, respectively. The data for each chemical concentration point represent the
mean of three independent experiments 7 SD (P 4 0.05 vs control). The ﬁlter
effect of MnTE-2-PyP or MnTbap in the DAFT excitation/emission wavelength
region is negligible. Cell treatments, experimental conditions, and ﬂuorescence
acquisition parameter settings were as described in Fig. 1B. The DAFT formation
rate was calculated as described in Fig. 2.
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DAFT formation by 32% at 10 mM sper/NO; the effect, however, was
statistically not signiﬁcant at 2 mM sper/NO (Fig. 7). These results
suggest that DAFT formation takes place by two mechanisms: by
N2O3 nitrosation (N3-inhibitable DAFT formation, Eqs. (5) and (6))
and predominantly by oxidative nitrosylation (N3-resistant DAFT
formation, Eqs. (3) and (4)) [9].
Importantly, the ﬁrst- to zero-order kinetic transition relative to
NOdwas observed in the presence of N3 and occurred essentially at
the same sper/NO concentration as in its absence. This result
indicates that the NO2d necessary for N2O3 formation is derived
from peroxynitrite, not from NOd autoxidation; otherwise, the zero-
order kinetic phase relative to NOd would not have been observed.
Rate of intracellular DAFT formation as a function of DAF-2-DA
loading concentration
Rationally, to react with peroxynitrite-derived radicals (Eq. (3))
and N2O3 (Eq. (5)), DAF-2 must compete with the numerous cellular
targets for these species. To test this expectation, we treated cells
with different concentrations of DAF-2-DA (5, 10, and 20 mM), a
procedure that has been shown to increase DAF-2 concentration
intracellularly [10,48,49]. As expected, the rate of DAFT formation
was greater for higher DAF-2-DA loading concentrations, and the
effect was evident at 2 and 10 mM sper/NO (data not shown). Finally,
the NOd steady-state concentration, as assessed electrochemically,
was essentially the same in DAF-2-DA-loaded and nonloaded cells,
indicating that only a small amount of available NOd engages in
nitrosative chemistry; most NOd are consumed by nonoxidative/
nitrosative pathways, such as the known catalytic oxidation to
nitrate [26,29,30].
DAFT formation from endogenous NOd depends on O2
d
We also performed experiments with LPS-stimulated Raw cells
to test whether the formation of DAFT from endogenous NOd also
depends on endogenous O2d . Raw cells in tissue culture dishes
were treated with LPS for 24 h and processed for ﬂuorescence
experiments as usual, except that HbO2 was present during the
DAF-2-DA loading procedure to avoid premature DAFT formation.
Immediately before each experiment, cells were double washed by
centrifugation and resuspension to remove extracellular DAF-2-DA
and HbO2. The initial ﬂuorescence was not signiﬁcantly augmen-
ted compared to non-LPS-stimulated cells, showing that HbO2 was
able to scavenge endogenous NOd efﬁciently. As shown in Fig. 8A,
there was a lag period before ﬂuorescence increased (DAFT
formation) in LPS-stimulated cells, which we attributed to a slow
increase of NOd concentration to a level sufﬁcient to start compet-
ing for O2d . Consistently with the involvement of O2d and
ONOO , DAFT formation in LPS-stimulated cells, as with the NOd
donor, is inhibited by the O2d/ONOO scavenger MnTE-2-PyP
(Fig. 8A). Finally, deoxygenation of the buffer, which prevents NOd
biosynthesis, prevented DAFT formation, showing that the
Fig. 5. Effects of HCO3/CO2, glutathione, and ascorbate on the rate of intracellular
DAFT formation. (A) The rate of DAFT formation under steady-state conditions in
the presence of bicarbonate/CO2 (ﬁnal pH 7.4) and (B) in glutathione-depleted cells
(BSO-treated cells) and ascorbate-loaded cells. The data represent the mean of
three independent experiments 7 SD (P 4 0.05 vs control). Cell treatments,
experimental conditions, and ﬂuorescence acquisition parameter settings were as
described in Fig. 1B. The DAFT formation rate was calculated as described in Fig. 2.
Fig. 6. Intracellular DAFT formation in the presence of DMNQ. The rate of DAFT
formation under steady-state conditions in the absence and in the presence of
20 mM DMNQ as a function of the sper/NO concentration. The data for each
chemical concentration point represent the mean of three independent experi-
ments 7 SD (P 4 0.05 vs control). Cell treatments, experimental conditions, and
ﬂuorescence acquisition parameter settings were as described in Fig. 1B. The DAFT
formation rate was calculated as described in Fig. 2.
Fig. 7. Effects of extracellular scavengers of oxidants and nitrosating species on the
intracellular DAFT formation rate. Rates of DAFT formation under steady-state
conditions in the absence or presence of saturating concentrations of extracellular
FCN (1 mM) or NaN3 (1 mM). FCN completely abolishes DAFT formation at 2 mM
and 10 mM sper/NO, while NaN3 partially prevents DAFT formation with 10 mM
sper/NO. The data represent the mean of three independent experiments 7 S.D
(P 4 0.05 vs control). Neither NaN3 nor FCN absorb light in the DAFT excitation/
emission wavelength region; these chemicals also do not interfere with the
ﬂuorescence of preformed DAFT. Cell treatments, experimental conditions and
ﬂuorescence acquisition parameter settings were as described in Fig. 1B. The DAFT
formation rate was calculated as described in Fig. 2.
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ﬂuorescence increase in LPS-treated cells depends on endogenous
NOd (Fig. 8A, inset).
Total biological intracellular S-nitrosothiol formation under different
stress conditions
Lastly, we quantiﬁed the formation of biological S-nitrosothiol
by iodide-dependent ozone-based chemiluminescence under dif-
ferent stress conditions. Fig. 8B shows that the total intracellular S-
nitrosothiol increased in GSH-depleted cells and was absent in
ascorbate-loaded cells when compared to control cells. Although,
ascorbate may have reduced S-nitrosothiol rather than prevented
it (as in the case of DAFT), this trend was similar to that observed
for DAFT formation under the same conditions.
Discussion
Intracellular DAFT formation is fully prevented by deoxygena-
tion and by the speciﬁc cell membrane-permeable O2d scavenger
PEG-SOD but not by extracellular SOD, implying that endogenous
intracellular O2d drives both endogenous and exogenous free NOd
into nitrosative chemistry. These processes most likely depend on
ONOO-derived radical intermediates (Eqs. (1)–(6)), as previously
suggested [5,50–52]. Although, we have not addressed this issue
speciﬁcally, some of our results are consistent with the idea that
radicals are involved in DAFT formation: (i) the speciﬁc N2O3
reactant N3 partially inhibits DAFT formation, suggesting partici-
pation of N2O3, which is most likely formed by the radical
recombination of NOd and ONOO-derived NO2d, whereas the N3
resistant DAFT formation was attributed to oxidative nitrosylation
(Fig. 7); (ii) the prevention of DAFT formation by extracellular
hexacyanoferrate (II) is also indicative of the involvement of
radicals because ONOO itself is less diffusible and much less
reactive toward FCN than its derived radicals (Fig. 7) and; (iii)
DAFT formation is stimulated in the presence of HCO3/CO2
(Fig. 5A), implying that the radicals are most likely derived
through the decomposition of nitrosoperoxocarbonate anion
ONOOCO2 , which is formed from the reaction between ONOO
and CO2 [5,50–52]. This putative species is extremely unstable and
immediately decomposes into fractional amounts of NO3 and CO2
(67%) or NO2d and CO3d (33%, Eq. (3)) [6,53]. Once formed, such
species stimulate DAFT formation via competitive mechanisms:
oxidative nitrosylation (Eqs. (3) and (4) and nitrosation (Eqs.
(5) and (6)). The effects MnTbap, MnTE-2-PyP, HCO3/CO2, FCN,
ascorbate, and N3 were observed at NOd concentrations repre-
senting the two kinetic phases identiﬁed, indicating that DAFT
formation occurs by the same chemical mechanisms indepen-
dently of NOd concentration.
Thus, from a mechanistic point of view, our results were not
unexpected. Nitrosative processes occur by nitrosation and oxida-
tive nitrosylation pathways; the latter predominates under all
conditions tested, especially at low NOd concentrations. As these
mechanisms involve radical oxidant species (NO2d and possibly
CO3d) that are unlikely to show target discrimination, numerous
cell constituents are probably susceptible to the same oxidative
and nitrosative processes that lead to DAFT formation and may
show similar kinetic proﬁles with NOd dynamics. Supporting this
conclusion [10], DAF-2 is only able to detect intracellular NOd
because it accumulates inside cells and competes for ONOO-
derived oxidants with biological targets (the DAFT formation rate
increases with increasing DAF2-DA loading concentration). In
addition, nitrosative processes, as accessed by DAFT formation,
are susceptible to levels of antioxidants known to react rapidly
with peroxynitrite and/or its derived radicals [54–57]. Glutathione
depletion [8,10] has been shown to enhance DAFT formation,
while glutathione or ascorbate cell loading [10] decreases DAFT
formation. We reproduced these results herein, validating this
concept in RAW 264.7 cells. The formation of biological S-nitro-
sothiol was also affected by antioxidants and followed a trend
similar to that of DAFT formation, suggesting similar chemical
mechanisms, at least under our experimental conditions. However,
S-nitros(yl)ation of biological targets has been shown to increase
with deoxygenation [21,58] and may follow additional different
mechanisms, such as the one involving the labile iron pool and
dinitrosyliron complexes [15,21,59].
Somewhat surprisingly, as attested by the negative effects of FCN
and N3 on the DAFT formation rate, intracellularly produced NO2d
seems to spend time outside of cells. Under our experimental
conditions, potential extracellular NO2d sources were minimized, so
NO2d was most likely formed intracellularly via ONOO/CO2 decay, a
process that was enhanced in the presence of CO2. Other ONOO-
derived species are formed, but only NO2d has the physical and
chemical properties to cross biological membranes [46,47]. Thus,
being lipid soluble and arguably the least aggressive of the ONOO-
derived radical intermediates [6], it might have a biological lifetime
long enough to act in a paracrine style. In addition, as a consequence
of the high diffusibility of both NOd and NO2d, they may recombine in
the extracellular space to form N2O3. This species has been considered
to be biologically irrelevant by many investigators because it requires
two scarce radicals to recombine in competition with numerous side
reactions inside cells. However, our N3 results indicate that N2O3 is
formed by the coreaction of NOd and NO2d in the extracellular space,
Fig. 8. DAFT formation in LPS-stimulated RAW 264.7 cells and total S-nitrosothiol
formation under different stress conditions. (A) DAFT formation from endogenous
nitric oxide and endogenous superoxide. RAW 264.7 cells in tissue culture dishes
were treated with LPS for 24 h and processed for ﬂuorescence experiments as
usual, except that HbO2 (10 mM heme basis) was present during the DAF-2-DA
loading process to scavenge NOd and avoid premature DAFT formation. The inset
shows that no DAFT formation is observed in nonstimulated LPS cells. The traces
are representative of at least three experiments. Cell treatments, experimental
conditions, and ﬂuorescence acquisition parameter settings were as described in
Fig. 1B. (B) Total intracellular S-nitrosothiol formation under different stress
conditions. Control, BSO-treated, and ascorbate-loaded RAW 264.7 cells (30106
cells in 1 mL of WB) were exposed to 10 mM sper/NO for 10 min under constant
stirring at 37 1C. Samples were then processed as described in the experimental
section, and the total S-nitrosothiol was quantiﬁed by iodide-dependent ozone-
based chemiluminescence and expressed as pmol/mg of protein.
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where these species have far fewer biological targets to react with
aside from each other. N2O3 is a diffusible species that is able to gain
intracellular access [9] to nitrosate a number of targets.
One of the clearest ﬁndings from our experimental approach
was the ramp-plateau kinetic behavior of DAFT formation relative
to NOd concentration. This behavior may be explained by a direct
reaction between DAF-2 and ONOO , as occurs with boron-based
ONOO probes [60–62], but previous works have convincingly
shown that vicinal diamines, such as DAF-2, do not react directly
with ONOO [9,48,49]. Furthermore, the inhibitory effects of FCN
and N3 and the enhancing effect of CO2 observed here are also
more consistent with the indirect pathways illustrated by Eqs. (3)–
(6). To understand the peculiar kinetic behavior observed, one
must consider the existence of competition between NOd and
resident SODs for O2d inside cells and realize that O2d was always
the limiting reactant under our conditions (without O2d genera-
tors). At low NOd levels, the rate of DAFT formation is expected to
increase linearly with NOd as O2d (ﬁrst-order phase) is gradually
diverted from dismutation with SODs to ONOO , which stimulates
both nitrosative pathways through the formation of NO2d (and
possibly CO3d) (Eqs. (1)–(6)). The ﬁrst-order phase holds until NOd
fully outcompetes SODs for O2d; from this point on, increasing
NOd further does not increase ONOO production, causing the rate
to plateau (zero-order phase). To the best of our knowledge, this is
the ﬁrst time that this behavior has been observed experimentally
in cells, but it was previously predicted by kinetic simulations [12].
Interestingly, the nitrosation and oxidative nitrosylation observed
in our study are exactly the same chemical mechanisms identiﬁed by
Espey et al. [9], and yet, they observed a distinct pattern for O2d-
stimulated DAFT formation (the bell-shaped behavior). This apparent
discrepancy is a result of two fundamental differences between the
two studies: the source and the compartment of O2d production and
recombination with NOd. Espey et al. generated O2d extracellularly
with XO to simulate certain situations. Consequently, ONOO
production and decay occurred in this space, as both O2d and
ONOO are cell membrane-impermeable species [9]. The ﬂuores-
cence decrease when the NOd ﬂux increases beyond the O2d ﬂux has
been explained by direct reactions between NOdwith CO3d and NO2d,
preventing the oxidative nitrosylation pathway, which is by far the
predominant nitrosative mechanism [9,12,63] under their and our
experimental conditions. These reactions are perfectly possible in the
extracellular space, where DAF-2 itself and other targets of these
radicals are scarce. In our experimental model, in contrast, O2d was
most likely produced inside the cells, where exogenous (DAF-2) and
endogenous cell constituents that are potential NO2d and CO3d
targets are present at much higher concentrations than NOd and
certainly outcompete NOd for these radicals. Thus, the rate of DAFT
formation reached a plateau when O2d was exhausted.
Beyond simply explaining the existence of the two distinct
kinetic behaviors, our results indicate that NOd/O2d-dependent
nitrosative processes occurring by the same chemical mechanisms
may exhibit different patterns with increasing NOd biosynthesis
depending on O2d compartmentalization, which may be deﬁned
by the O2d source. Under our experimental conditions, the source
of O2d was most likely respiring mitochondria; however, Leikert
et al. [64] reported NADPH oxidase-dependent DAFT formation in
cultured endothelial cells that were stimulated with phorbol
myristate acetate (PMA), and Espey et al. [9] showed intra- and
extracellular DAFT formation from xanthine oxidase/xanthine
stimulation. Intracellular processes are expected to depend on
the NOd concentration under normal physiological conditions,
especially in the cytosol and the mitochondrial matrix, compart-
ments that contain high levels of SODs. The plateau phase may be
episodic in inﬂammatory sites containing resident and recruited
active macrophage cells that produce large amounts of NOd
(especially if dissociated from extracellular O2d sources) or in
SOD-poor compartments. Speculatively, this case seems to hold
under our experimental conditions, in which the ﬁrst- to zero-
order kinetic transition relative to NOd occurred at low NOd
concentrations. Accordingly, we did not observe the plateau phase
in the presence of DMNQ, which most likely generates O2d in the
SOD-rich cytosolic space.
The existence of bell-shaped and the ramp-plateau behaviors with
increasing NOd bears on the performance of such compounds as NOd
sensors in cells. DAF-2 (and most likely other diaminoﬂuorescent-
based sensors, as they share identical chemistry) may become
insensitive to NOd with increasing NOd concentration. Above this
limit, ﬂuorescent triazol is formed (at a rate limited by O2d ﬂux), but
will not reﬂect variation on the NOd concentration, which is the basic
goal of analytical probes. Under our experimental conditions, the
observed turning point was nearly 120–140 nM NOd but this value
certainly varies with cell number, cell type and metabolism, antiox-
idant concentrations, O2d production rate, SOD expression, and
compartmentalization. To conﬁdently use diaminoﬂuorescent-based
sensors as NOd probes, an NOd range in which the probe actually
responds to NOd concentration variation should ﬁrst be established
for each model and experimental setting. Nevertheless, DAF com-
pounds are commercially available and can be used for sensitive and
real-time measurements of NOd in cells when the relevant criteria are
properly considered. For example, Leikert et al. [64] and Ku et al. [65]
independently used DAF compounds to reliably determine low levels
of endogenous NOd released from stimulated endothelial cells and
platelets, respectively. In addition, previous [8,9,13] and the present
work suggests that diaminoﬂuorescent-based compounds may be
convenient and practical probes for investigating nitrosative processes
in real time.
In summary, we found that endogenous intracellular O2d drives
NOd into nitrosative chemistry. Superoxide-dependent nitrosative
processes follow unusual kinetic proﬁles with increasing NOd, which
depend on several factors, including the dynamics and compart-
mentalization of NOd and O2d , antioxidants levels, SOD expression/
activity, and on many competitive reactions involving NOd, O2d ,
ONOO and their derived oxidant species, both with themselves
(extracellular) and with multiple intracellular targets.
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